# Andrey F. Vilesov 1,7 # Helium nanodroplets are considered ideal model systems to explore quantum hydrodynamics in self-contained, isolated superfluids. However, exploring the dynamic properties of individual droplets is experimentally challenging. In this work, we used single-shot femtosecond x-ray coherent diffractive imaging to investigate the rotation of single, isolated superfluid helium-4 droplets containing~10 8 to 10 11 atoms. The formation of quantum vortex lattices inside the droplets is confirmed by observing characteristic Bragg patterns from xenon clusters trapped in the vortex cores. The vortex densities are up to five orders of magnitude larger than those observed in bulk liquid helium. The droplets exhibit large centrifugal deformations but retain axially symmetric shapes at angular velocities well beyond the stability range of viscous classical droplets.
T he discoveries of superconductors, superfluids, and Bose-Einstein condensates (BECs) (1, 2) reveal that a large number of particles can occupy a single quantum state that extends across macroscopic length scales. A notable example is superfluid 4 He (3-6): It lacks any viscosity below a critical temperature of T l = 2.17 K, and its motion is described by a single wave function (1, 2, 5-7). Isolated He nanodroplets were employed to study the onset of superfluidity through the observation of frictionless, quantized rotation of embedded molecules surrounded with varying numbers of 4 He atoms (8) . However, the unambiguous demonstration of a quantum mechanical state of motion of an entire helium nanodroplet remains challenging.
In a finite droplet, any manifestation of liquid flow must involve rotational motion, which, in a superfluid, embodies itself in quantum vortices (6, 7) . Indeed, the formation of regular arrays of parallel vortices was detected in a rotating bucket filled with superfluid He (9, 10). However, surprisingly little is known about quantum rotation in superfluid droplets. Calculations predict that vortices may exist in 4 He droplets as small as a few nanometers in diameter (11) (12) (13) , but experimental studies of this elusive phenomenon remain challenging (14) . Recently, traces of vortices were detected in He droplets~1 mm in diameter (15) . However, these exploratory experiments did not provide detailed hydrodynamic properties of the spinning droplets, such as their shapes or the spatial arrangements of the vortices they contain. In this work, we studied the rotation of single, isolated superfluid He nanodroplets via coherent scattering of x-rays from a free-electron laser (FEL) (16) (17) (18) . Figure 1 illustrates the experiment, in which 4 He droplets with radii R = 100 to 1000 nm [number of He atoms (N He ) = 10 8 to 10 11 ] were produced upon fragmentation of liquid helium expanding into a vacuum (15, 19, 20) [see section S1 of (21) ≥ 1 of the diffraction contours quantifies the distortion of the droplets from a spherical shape (AR = 1). Each diffraction image reflects the projection of a single droplet's density profile onto the detector plane; the longer axis in the diffraction pattern corresponds to the shorter droplet axis and vice versa. Because the a axis subtends an arbitrary angle with the x-ray beam, only the b axis and an upper boundary a ≤ b/AR can be deduced from each image. The pattern in Fig. 2A originates from either a spherical droplet with R = a = b = 298 T 5 nm or a spheroidal droplet with b = R and its a axis aligned parallel to the x-ray beam. The diffraction pattern in Fig.   2B corresponds to a spheroid with b = 284 T 5 nm and a ≤ 0.87b = 247 T 5 nm [section S2 of (21)].
Approximately~1% of the diffraction images cannot be described by ellipses and exhibit very high aspect ratios of 1.7 < AR < 2.3, such as AR = 1.92 in Fig. 2C . Figure 2D shows the outline of the corresponding droplet, which was obtained by inverse Fourier transform (IFT) of Fig. 2C [section S3 of (21)]. The droplet is wheel-shaped with two nearly parallel surfaces and half-axes a = 220 T 15 nm and b = 422 T 10 nm. The intense diagonal streak in Fig. 2C indicates that the droplet was imaged edge-on within T 5°[see section S3 of (21)]. Thus, values for both a and b can be determined.
Our measurements reveal that, on average, 40% of He droplets [section S5 of (21) ] in the beam are not spherical, as was previously assumed (20) , but are better represented by spheroids or wheel shapes. In general, a droplet may acquire a nonspherical shape due to rotational or vibrational excitation. However, our estimates show that vibrational shape oscillations should decay before the interaction point [section S6 of (21)]. Therefore, the elliptical and streaked diffraction patterns are ascribed to oblate rotating droplets. The droplet rotation probably originates from inhomogeneous flow of helium through the nozzle during the expansion (15) . The shapes adopted by the rotating quantum droplets display similarities and pointed differences when compared with their classical counterparts. A classical droplet, rotating as a rigid body, can be described by the reduced angular velocity
which defines the droplet's aspect ratio (22, 23) .
Here, r is the density, s is the surface tension, V is the volume of the droplet, and w is its angular velocity. No droplet is stable beyond the disintegration limit of W MAX = 0.75. At small W, a droplet has a spheroidal shape. Beyond W = 0.56 (b/a = 1.50), viscous classical droplets become unstable and begin to exhibit two-lobed shapes, resembling a peanut that rotates around its short axis. Multilobed droplet shapes emerge at even higher W (22) (23) (24) . In this work, we observe axially symmetric droplets with aspect ratios as high as b/a = 2.3, corresponding to W = 0.71 [section S4 of (21)], which is considerably higher than the shape instability threshold of classical droplets. No evidence for multilobed shapes was detected. Our results confirm the predicted extended range of stability in rotating quantum liquids (23) and indicate that superfluid droplets remain axially symmetric up to rotational speeds close to W MAX . The angular velocities (w) of rotating droplets can be determined from the degree of centrifugal distortion, quantified by the a and b half-axes [section S4 of (21)] (23 . The rotation of a superfluid may manifest as a lattice of uniformly distributed parallel vortices (1, 6, 7, 9) with an area density of
Here, M is the mass of the 4 He atom, h is Planck's constant, and n V is the number of vortices per unit area in a plane perpendicular to the axis of rotation (6, 7) . For the droplet imaged in Fig. 2C , Eq. 2 predicts a vortex density of n V = 2.8 × 10 14 m
and a total number of vortices of N V = pb 2 n V = 160. Evidently, droplets in the beam are characterized by a substantial degree of rotational excitation and thus should contain large numbers of quantum vortices. The existence of these vortices is confirmed by doping the He droplets with Xe atoms. Figure 3 shows diffraction images of He droplets doped with Xe atoms. In addition to the characteristic ring patterns from the droplets, many images exhibit Bragg spots that either lie on a line crossing the image center (Fig. 3A) or form an equilateral triangular pattern (Fig. 3B) . The Bragg spot separations in Fig. 3 correspond to regularly spaced Xe structures with periods of d ≈ 100 nm, whereas the ring patterns arise from a droplet with R ≈ 1 mm. These numbers are consistent with the condensation of Xe atoms along the cores of multiple parallel vortices arranged in a lattice within the superfluid droplet (Fig. 3C) . According to this model, both linear and triangular Bragg spot arrangements emerge from ordered lattices with different relative angles between the x-ray beam and the vortex lines. The actual shape of the vortices cannot be determined from the Bragg spots, although the vortices in the arrays are expected to have some curvature as they terminate perpendicular to the droplet's surface. Approximately 5% of the doped droplet images exhibit Bragg spots. Considering that the appearance of Bragg spots depends critically on the relative alignment of the vortex structures and the x-ray beam, which is randomly distributed in these experiments, we estimate that 50% of droplets contain vortex lattices [section S7 of (21)].
The identification of quantum vortices provides direct evidence of the superfluidity of He nanodroplets. The appearance of triangular vortex arrangements agrees with previous observations of triangular arrays of quantum vortices in rarified BECs (25, 26) . The diameters of the vortex cores in superfluid He, however, are small compared with the droplet sizes and the vortex length scales, which can lead to extended, threedimensional (3D) vortex arrangements.
The diffraction pattern in Fig. 3B provides a direct measure of the vortex density, n V = 4.5 × 10 13 m -2
, and the droplet radius, b = 1100 nm, corresponding to a total number of vortices N V = 170. The angular velocity of the rotating droplet is w = 2.2 × 10 6 s -1 (Eq. 2). The diffraction rings in Fig. 3B are circular within the experimental resolution (~3%). This observation and, in particular, the emergence of the triangular Bragg pattern, indicate that the droplet was imaged almost exactly along the a axis. From the angular velocity and the equatorial radius b, the aspect ratio and reduced angular velocity of the droplet are estimated to be AR = 1.34 and W = 0.50, respectively [section S4 of (21)]. These values fall well within the axisymmetric shape stability limits for rotating droplets. The vortex density in this droplet is about five orders of magnitude larger than previously observed in rotating bucket experiments with bulk superfluid helium (9, 10). These numbers demonstrate that superfluid He droplets provide access to unexplored regimes of rotational excitation in quantum liquids. It is intriguing that, although observation of the wheel shapes in smaller droplets (b ≈ 300 to 400 nm) indicates the existence of high vortex densities in the range of n V ≈ 3 × 10 14 m -2
, no corresponding Bragg patterns were observed in these droplets [section S7 of (21) ]. This may indicate that vortices at extremely high densities fail to crystallize and instead form a disordered state with little resemblance to a lattice. Another possibility is the existence of nonequilibrium states, which may be related to quantum turbulence. However, estimates [section S6 of (21) ] show that turbulence, which accompanies establishment (27) or breakdown (28) of equilibrium quantum rotation, decays before the interaction point. Hydrodynamic instability of the droplet shape at high angular velocities may also disrupt vortex arrays. The possibility for the formation of nonstationary vortex states in superfluid helium has been discussed (6) but has never been confirmed experimentally. In addition, BECs at high w are predicted to undergo a quantum phase transition into a highly correlated nonsuperfluid state devoid of any vortices (26) . It would therefore be interesting to explore whether similar concepts apply to rotating He droplets at high w.
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